Controlling long-range quantum correlations is central to quantum computation and simulation.
Nanofabricated circuits of quantum dot arrays provide an excellent platform for quantum information processing using single charges or spins [1] [2] [3] [4] . In such a dot array architecture, the tunnel coupling between neighbouring dots plays an essential role. It governs the motion of charges between the dots, permitting delocalization [5] over the dots and coherent oscillations between them [4, 6] , and the same tunnel coupling is at the core of exchange-based quantum gates on spin qubits [1, 7, 8] .
Tunnel coupling falls off exponentially with distance, and all experiments on quantum dot arrays so far rely on nearest-neighbour couplings only. In addition, quantum dot arrays are typically constructed from one-dimensional segments since realizing two-dimensional arrays is challenging. These restrictions severely constrain the range of experiments possible in this system at present. Instead of having to repeatedly swap neighboring qubits down the chain, a long-range coupling would enable quantum gates between distant qubits in one step, thereby giving access to many of the benefits of a two-dimensional lattice. This would strongly reduce the requirements for fault-tolerant quantum computing [9, 10] and permit quantum simulation of phenomena that are otherwise inaccessible in this system, for instance involving frustration [11] or superexchange [12, 13] .
The most common approach to realizing an effective long-range coupling is to use a quantum bus, as demonstrated for trapped ions [14] and superconducting qubits [15, 16] .
For quantum dots, such a bus has been proposed in the form of optical cavities [17] and microwave stripline resonators [18] [19] [20] . For the latter, the first steps have been taken recently [21, 22] . Furthermore, charge transfer through a channel connecting two distant quantum dots has recently been realized using surface acoustic waves that push electrons forward [23, 24] . In this approach charge coherence is lost but spin coherence is expected to be preserved.
As an alternative for creating long-range coupling of quantum dots, which does not require separate elements such as cavities or channels, a quantum bus has been proposed in the form of the continuum of conduction or valence band states [25] . Through a second-order process known as cotunneling, virtual occupation of these states can induce an effective coupling between distant quantum dots. Inspired by this scheme, we propose to create such longrange coupling by virtual occupation of discrete states of quantum dots located in between.
In this case only discrete levels participate in the cotunneling process. This permits a fully coherent process, in contrast to all existing measurements of cotunneling in quantum dots in which quantum coherence is quickly lost in the reservoirs (see [26] for a review).
Here we demonstrate the coherent transfer of single electron charges between the outer sites of a linear array consisting of three quantum dots, in a regime where sequential transport through the middle dot is suppressed energetically. Using real-time charge detection techniques, we study the dependence of the rate with which electrons hop between the outer dots on the detuning of the middle dot levels. We observe a non-monotonous dependence that is characteristic of a coupling mechanism mediated by virtual occupation of the middle dot levels. We also control quantum coherent dynamics between the outer dots in the form of Landau-Zener-Stückelberg (LZS) interference, induced by a process we dub photon-assisted cotunneling (PACT).
A scanning electron micrograph of a device identical to the one used is shown in Figure   1a . Gate electrodes fabricated on the surface of a GaAs/AlGaAs heterostructure (see Supplementary Information) are biased with appropriate voltages to selectively deplete regions of the two-dimensional electron gas (2DEG) below and define the linear array of three quantum dots. In the array, only adjacent dots are connected through tunnel barriers. The left and right dots are also tunnel coupled to the left and right reservoirs respectively. Above the blue-shaded gate a charge sensing dot (SQD) is created, the conductance of which is sensitive to the number of charges on each dot in the array through capacitive coupling. For maximum sensitivity, the SQD is operated on the flank of a Coulomb peak. Furthermore, one of the SQD contacts is connected via a bias-tee to an LC-circuit so that the SQC conductance can be measured both by RF reflectometry [27] and in DC (see Supplementary Information).
We operate the device in the few-electron regime: by sweeping the voltages on gates LP, MP and RP, the number of electrons on each of the dots of the triple dot array can be changed one by one. A time-averaged measurement of the differential DC-conductance through the SQD as a function of V LP and V RP maps out a cross-section of the three-dimensional charge stability diagram of the triple dot (Figure 1b Remarkably, when we go to point C in the charge stability diagram, the real-time trace (lower panel) not only shows steps corresponding to the slow tunneling between outer dots and leads, but also exhibits smaller steps that occur at a rate which is an order of magnitude higher. Since point C is at the boundary of the (1, 1, 0) or (0, 1, 1) regions in the charge stability diagram, the fast steps appear to correspond to single electron transfers between the outer two dots. This is consistent with the step size as well as with the observation that the mean times that the measured conductance is high or low are equal for zero detuning between (1, 1, 0) and (0, 1, 1) (point C). Upon increasing or decreasing the detuning, these times quickly become unequal (see supporing online material).
This tunneling between the left and right dots is at first sight unexpected, since in these measurements the center dot levels are far detuned from resonance with the outer dot levels, (1, 0, 0) and (0, 0, 1), only the first pathway exists). As will be shown below, the existence of two virtual pathways makes the transfer rate depend non-monotonously on the detuning between the intermediate virtual states and the initial and final states. The dependence on the middle dot detuning is a key signature of this process. 
for the left, middle and right dot respectively. Here E(n, m, p) stands for the ground-state energy of a given charge configuration (n, m, p). For the transition back and forth between the states |110 and |011 to occur spontaneously, we require µ L (1, 1, 0) = µ R (0, 1, 1) (we denote the lowest energy state with occupation (n, m, p) as |nmp ). Furthermore, in order to quantify the detuning between virtual states, and initial and final states, we introduce two parameters δ 1 and δ 2 . For charge transfer via virtual occupation of |020 , the relevant detuning parameter is Fig. 2a ). For charge transfer via
). Note that δ 1 and δ 2 are related and cannot be changed independently, as V M P increases δ 1 by the same amount it decreases δ 2 . The total tunnel rate Γ is the sum of the tunnel rates via the two respective paths. It can be expressed as (see Supplementary Information):
Here t l1 , t r1 , t l2 and t r2 are the tunnel coupling elements between |110 and |020 , |020
and |011 , 101 and |011 , and |110 and |101 , respectively. The charge dephasing time T 2 is assumed to be much smaller than 1/Γ (T 2 is typically about 1 ns [4, 6] and therefore interference effects between the two pathways can be neglected). Equation 1 is valid as long as the four tunnel couplings and the detuning between |110 and |011 are small compared to δ 1 and δ 2 .
We experimentally verify the non-monotonous dependence of Γ on detuning δ 1 (and hence δ 2 ) by stepping the voltage on gate MP, V M P , and measuring the rate of tunneling between |110 and |011 . Figure 3a presents three traces, each for a different value of V M P . For the top trace the value of V M P corresponds to small δ 1 and large δ 2 , therefore the transfer proceeds mainly as depicted in Fig. 2a . For the middle trace, V M P is set such that both δ 1 and δ 2 are relatively large, resulting in a reduced, but non-zero tunnel rate, in agreement with Eq.1. Finally, for the lower trace, δ 2 is small and δ 1 is large. In that case, tunneling proceeds mainly via the virtual process shown in Fig. 2b and the tunnel rate is higher again.
For a quantitative analysis, we extract the tunnel rate Γ from real-time traces such as in 
with f the Fermi probability distribution. The times τ L and τ R are the average times between tunnel events spent in the left and right dot, respectively. We perform a threshold analysis of the real-time traces to obtain the distributions of τ L and τ R . The value of f can be established using the Figure 3b shows measured values of Γ thus determined, for different values of the detuning, parametrized by δ 1 . The non-monotonous dependence is striking and is fit well by Eq.1 (red curve), implying that the transfer indeed proceeds via virtual occupation of intermediate states.
The hopping of electrons between the outer sites in the array indicates that an effective tunnel coupling is present between the left and right dot, which we call cotunnel coupling.
We can express the strength of this cotunnel coupling as (see Supplementary Information)
We note that t co need not be small: for typical experimental values of the nearest-neighbour tunnel couplings of order 10 µeV and for detunings of ∼100 µeV, we obtain t co ∼ 1 µeV.
The cotunnel coupling enters the Hamiltonian in much the same way as the direct tunnel coupling between neighbouring sites and therefore many phenomena arising from direct give rise to photon-assisted tunneling (PAT). In complete analogy we can expect a photonassisted version of the cotunnelling process described above, which we term photon-assisted cotunneling (PACT).
Photon-assisted tunneling (PAT) is a well-described phenomenon in quantum dots and has been observed many times in single and tunnel coupled double quantum dots [5, 29] .
Tunneling transitions of electrons between two detuned neighbouring dots can be made resonant by applying microwaves of a frequency matching the detuning, ε 0 = nhν (see Figure 4a ). Here ε 0 is the detuning, ν the microwave frequency and n an integer, showing b a that also multiphoton resonances are possible.
We apply microwave excitation at ν = 15 GHz to gate LP. The microwaves are chopped at the reference frequency of a lock-in amplifier (see Supplementary Information) . The excitation introduces a number of sidebands in the charge stability diagram. Two sets of sidebands are due to conventional PAT between neighbouring tunnel coupled quantum dots.
They are seen in Figure 4b near the |100 to |010 transition (point L) and |001 to |010 transition (point R). The slope of these lines is such that ε 0 = nhν is maintained.
Near the |110 to |011 transition (point C), a different set of resonances develop. Based on their slope and location, we identify these transitions to occur via PACT, where sin-gle electrons tunnel between the outer dots, now assisted by the microwave excitation. As expected for photon-assisted processes, these resonances appear at a detuning linearly dependent on the microwave frequency (see Supplementary Information).
In order to get a strong PACT response, the tunnel couplings between neighbouring dots are set to a much higher value than in the real-time experiment descibed before. We can extract the nearest-neighbour tunnel couplings from the spacing between the PAT resonances along the detuning axis as a function of frequency [5, 29] (see Supplementary Information) and find 8.1 ± 0.4 µeV for the tunnel coupling between right and center dot, and 12.3 ± 0.3
µeV between left and center dot.
Importantly, photon-assisted cotunneling allows us to demonstrate the coherent dynamics driven by the cotunnel coupling, through the observation of Landau-Zener-Stückelberg (LZS)
interference [30] . Coherent quantum dynamics in the form of LZS interference has been observed in a wide range of two-level quantum systems, such as electronic states of atoms and molecules [31, 32] or superconducting devices [33] and spin states in double quantum dots [34] . In LZS interferometry, a two-level system is swept through an anticrossing of its levels at such a rate that a superposition of its ground and excited states is reached (see Figure 5a ). Between two passings through the anticrossing (at times t 1 and t 2 ), the two parts of the superposition acquire a relative phase due to their difference in energy ε,
At the second passing through the anticrossing, the two paths in phase space will interfere.
Destructive interference in the occupation probability of the excited state occurs for ∆Θ 12 = (2n + 1)π, where n is an integer.
In our experiment, the applied microwaves modulate the detuning ε between µ L (1, 1, 0) and µ R (0, 1, 1). This takes the system back and forth through the anticrossing created by the cotunnel coupling (Fig. 5a ). The amplitude of the microwaves is used to control the value of ∆Θ 12 [33] . |011 is created and maintained between subsequent passings through the anticrossing.
Since the microwaves drive the system through the anticrossing periodically, also multiple crossings need to be considered. Consecutive cycles interfere constructively when the total phase difference accumulated over one complete microwave period ∆Θ tot equals 2πn. As ∆Θ tot = 1 ε(t)dt = 2πε 0 /hν, this causes peaks to appear for detunings ε 0,n = nhν. This can be clearly seen in Figure 5b , where along the horizontal direction ten fringes can be discerned.
In summary, we have demonstrated an effective coherent cotunnel coupling between the outer dots in a triple quantum dot, which is mediated by virtual occupation of levels on the dot in between. The coupling strength can be controlled through the detuning between the relevant middle and outer dot levels and agrees well with theoretical predictions.
The long-range tunnel coupling may be used as well for realizing spin exchange gates at a distance in one step. When the intermediate site is itself occupied by an electron, its spin affects the strength of the cotunnel coupling due to the Pauli exclusion principle, introducing correlations between the middle spin and the outer spins (i.e. it realizes a three-qubit gate). First schemes for avoiding these correlations have been worked out, enabling direct long-range spin exchange also in this case [35] . Furthermore, the cotunnel coupling can be extended to include multiple intermediate sites. Long-range coupling thus provides a new approach for operating quantum circuits based on quantum dot qubits, which eases the requirements for fault-tolerance. The cotunnel coupling observed here also gives access to a new range of phenomema with interacting spins, such as superexchange [12, 13] and frustration [11] , which can serve as a starting point for quantum simulations.
Methods
The experiment was performed on a GaAs/Al 0.25 Ga 0.75 As heterostructure grown by molecular beam epitaxy, with a 85 nm deep two-dimensional electron gas with electron density of 2.0 × 10 −11 cm −2 and mobility of 5.6 × 10 −6 cm 2 V −1 s −1 at 4K. The metallic (TiAu) surface gates were fabricated using electron beam lithography. The device was cooled inside an Oxford AST Sorb dilution refrigerator to a base temperature of ∼55mK. In order to reduce charge noise [36] , the sample was cooled down while applying a positive voltage bias on all gates, ranging between 200 and 350 mV. The magnetic field, as well as the bias across the linear triple quantum dot were set to zero throughout the experiment. Gates LP and RP were connected to homebuilt bias-tees, enabling application of DC as well as high-frequency voltage bias to these gates. RF reflectometry of the SQD was performed using an LC circuit matching a carrier wave of frequency 193.35MHz. The power of the carrier wave arriving at the sample was about -84 dBm. The reflected signal was amplified using a cryogenic Quinstar QCA-U-219-33H amplifier and subsequently demodulated using homebuilt electronics. A Stanford Research Systems SR830 lock-in amplifier was utilized in some of the measurements. In these measurements, a square wave modulation of amplitude 2mV, before 16 dB attenuation, was applied to gate LP at the lock-in reference frequency of 3412Hz. For the microwave measurements, this square wave was combined with the microwaves, chopped at the same reference frequency. The microwaves were generated by an Agilent E8267D microwave source. 
IV. LOWER BOUND ESTIMATION FOR CHARGE T 2
The width w of the PACT resonances can be used to establish a lower bound on the charge dephasing time T 2 , according to the relation [30] :
With the measured value w = 4.47 GHz, we find a lower boundary for T 2 of 224 ps. From
PAT measurements between the left and middle and right and middle dots we extract lower bounds for T 2 of 394 ps and 338 ps respectively.
V. CALCULATION OF THE REAL-TIME TRANSITION RATE
The relatively slow charge transition process in Figure 3 can be understood by means of a density matrix description. The evolution of the system is described by the quantum Liouville equation,
, where H is the Hamiltonian and ρ the density matrix.
Given an effective tunnel coupling t co between two resonant states, the Hamiltonian is:
Adding phenomenologically decoherence occuring on a timescale T 2 , we get the system of equations:
We do not include relaxation channels, since processes inducing charge transitions other than the cotunneling are much slower than both cotunneling and decoherence. Introducing N = ρ 22 − ρ 11 and P = ρ 21 − ρ 12 , the equations reduce to
We are interested in the rate with which charge moves back and forth between the outer dots. In our system, the initial conditions describe a pure state, where the electron is in the left dot: N (0) = −1, P (0) = 0. The rate at which charge tunnels to the right dot is
For a coherent process (t co >> 1/T 2 ) we obtain that a charge oscillates between the two dots at a rate linearly dependent on the coupling t co :
In the time traces of Fig. 1c and 3a, the barriers are tuned so that tunneling is extremely slow (t co << 1/T 2 ), and the transition rate becomes
As the timescale of the measurement is much longer than the decoherence time, the charge transition rate is therefore given by:
In the experiments described in the manuscript, two paths (|110 → |101 → |011 and |110 → |020 → |011 ) contribute to the coupling t co . For the slow, real time measurements of the tunneling rate, these two contributions add up incoherently and we have
where Figure S3 : a, Numerical derivative (along horizontal axis) of the SQD lock-in signal (as in 
